Plant material used for fire and smoke generation was the meadow sward, composed of various species of naturally occurring grasses, and collected on the outskirts of Cracow devoid of traffic lines and any gas emissions, and preliminary air-dried in the natural conditions, for several days. Then the Petri dishes with seeds were placed in a narrow room, and 3 g (± 0,1 g) of the plant material was slowly burned in another Petri dish, and the smoke was transferred from approx. 1 m distance using slowlyoperating hair dryer with cooling functionality. The treatment lasted 5 min. When the burned material was naturally cooled in a dish, it was placed in sealed and darkened plastic boxes (10 l capacity), together with the uncovered Petri dishes containing seeds, for 24 h, at the temperature 22/18ºC (day/night). We decided to use such procedure to simulate the natural conditions of swailing, when smoke and invisible volatiles act also when the fire, either natural or caused by a human, extinguishes. The dishes with untreated seeds (control) were placed in another room, in the same time, in identical sealed and darkened boxes to these used for smoke treatment. A Petri dish with non-burned plant material was used. After 24-h incubation, all dishes with seeds were taken out of the boxes, covered with their glass lids and placed in an incubator (DHP-90820955, ChemLand, Poland).
Germination course -laboratory experiments
Each experiment set up in Petri dishes was performed in 3-6 replicates for each species. A replicate was considered a new seed lot comprising both control and SGV treatments. The diameter of the dishes varied from 3 to 7 cm, and 5-20 seeds were placed in one dish depending on the seed and dish sizes (the smaller in the narrowest dishes, etc.), but unified for a species or cultivar within an individual experiment. Germinated seeds were counted every 24 h (+/-1 h) under the green light not involved in the photoblastic response [24] and the wetness of the germination paper was checked and unified. The length of the seedlings was measured when recognized visual differences between the objects.
The changes in the permeability of seed testae were tested conductometrically adopting the method used previously for leaf cell membrane disruption [25] . At all stages of sample preparation deionized water was used. Once taken, the material was carefully washed, sealed in laboratory vials filled with 10-15 cm 3 of water and shaken for 24 h. The conductivity was measured (L s1 ), then samples were boiled at 100°C for 15 min, shaken for 24 hours and additive used in agriculture, remediation and reforestations is the source of biologically active karrikins [17] . Which makes the matter more complex, other molecules should be considered, namely nitric oxide, ethylene, nitrate and cyanohydrins, which have been known as the smoke compounds and have the ability to stimulate seed germination in certain plant species [10, 12, 18] .
Swailing is an illegal habit in many European countries [19] , although "prescribed burning" eliminating the hazard has been used in the United Kingdom [20] . However, in the scientific literature little attention has been paid to its indirect consequences. The research on the effects of smoke and heat were conducted mostly on the Mediterranean species, because fire is an ecological factor that has been present there for thousands of years [6, 9] . Some ecological papers described the impact of fire on trees development [21] . The mechanism of KAR mode of action towards an Eurasian weed Avena fatua was also presented [22] . As the climatic changes increase the risk of quick and intense droughts, and hence, naturally occurring fires [23] , vegetation in the surroundings is therefore under the influence of smoke and volatile compounds, the screening of the response of seeds of plants grown and cultivated in Europe seems to be reasonable. In the light of these considerations, the paper presents the response of seeds representing different taxa within the angiosperms in terms emulating the indirect impact of the local fire. Having tested seed response in vitro, I choose some species for tests in the soil to verify the previous results. I also compared the state of the testa and biochemical indicatives of metabolism activation in ungerminated seeds treated with SGV.
Methods

Seed material and the treatment
The seeds of wild plants species were collected from their natural states in the Lesser Poland Voivodeship (50°3'41'' N 19°56'18''E). The seeds of crop species were purchased at the local garden stores. All seeds were viable, which was tested in preliminary experiments performed in Petri dishes. Seeds were placed on well-watered Whatmantype filter paper just before the smoke treatment. All the species are listed in Table 1 . Based on the preliminary experiments (data not shown), in the cases of goldenrod and broadleaf plantain 6-week stratification at 4°C, and in the case of German chamomile both light and dark germination were implemented ( 
Statistical analysis
The numbers of seeds are given in the table captions and figure legends. For each data series that made up the arithmetic mean, the normality was checked using Kolmogorov-Smirnov test. The percentages were recalculated using Bliss transformation, then the analysis of variance was used. The homogeneity of variance was checked by the Levene test, then the t-Student test or median test was performed in order to examine the statistical significance of differences between the results obtained for the samples treated and untreated with smoke. Statistica v. 10 (Statsoft. Inc., USA) and Microsoft Office Excel 2007 were used.
Results
Experiments in Petri dishes -the overall results of the experiment
The characteristics of the species, their seeds and the overall results of the experiment (germination stimulation, inhibition of no response) was presented in Table 1 . The detailed presentation of the germination course was depicted in Figures 1-7 , and the impact of SGV on further development of seedlings and metabolism in Tables 2-3 .
Asteraceae
The course of germination of seeds of this family ( Figure  1 ) indicated stimulatory impact of SGV, confirmed by the analysis of variance (data nor shown). This effect was visible at different stages of germination on 5 amongst 6 studied species, and in the case of Matricaria chamomilla it was dependent on the presence of light.
The seeds of M. chamomilla are known as positively photoblastic, hence, light and dark-germinated seed lots were compared. It allowed to establish that the application of SGV increases either the germination rate and the total number of germinated seeds, even in relation to seeds kept in the presence of light, because 62% of SGV-treated seeds germinated, while in the control only 32%. The stimulatory effect of SGV was not present in the presence of light, moreover, a slight reverse tendency was noticed.
the assay was repeated (L s2 ). To eliminate the effect of the boiling on vials, the conductivity of deionized water was also measured, at both stages of the analysis (L w1 and L w2 , respectively). A conductometer with automatic temperature compensation (CC-315 ELMETRON, Poland) was used. Electrolyte leakage from seeds was calculated as a percentage of total electrolyte content according to the equation: -3 , pH 7.0 containing 0.1 mmol · dm -3 EDTA (Sigma-Aldrich). The homogenate was centrifuged at 10000 g for 3 min, at 4°C (Eppendorf 5415R, Germany). To the supernatant sample (10 µl) the buffer was added up to the final volume 200 µl, the sample was shaken on a vortex, then the Bradford reagent (2.5 cm 3 , Sigma-Aldrich) was added and the sample was gently mixed. After 15 min of incubation the measurements were performed at λ= 595 nm. The results were compared with the calibration curve made of albumin (BSA, Sigma-Aldrich) of the concentration 1 µg · µl 
Germination in the soil
In this set of the experiment the response of seeds of 5 species to SGV were used based on their distinctive response in the in vitro experiment: Anethum graveolens, Hordeum murinum, Ocimum basilicum cv. 'Dark Opal', Myosotis arvensis, and Trifolium repens. The seeds were sown in the pots of the volume approx. 120 cm 3 filled with 20-30% and lasted until the end of the experiment (Figure 2 ). The seeds of Apium graveolens were characterized by the opposite response, and although the percentage of germinated seeds was low, which at the stage of 6-10 days is typical to this species (maximum germinating ability is obtained after 2-3 weeks, data not shown), the stimulatory response of SGV was distinct, as in the 8 th and 9 th day the differences between the treatments was approx. 20%. The germination pattern of SGV-treated Carum carvi seeds revealed a decreasing tendency in relation to the control although the differences between the means of both objects were too low and the standard deviations too high to prove this.
Boraginaceae
A strong inhibitory response to germination of Myosotis arvensis was noticed (Figure 2) . The seeds of both lots initiated their germination just in the 3 rd day, and the following day almost twice less SGV-treated seeds germinated that the control ones. Despite the large values of standard deviations, the difference was large until the end of the experiment.
Seeds of Sonchus oleraceus were characterised by similar strong suscepibility to SGV. This was manifested both as the great increase in germination and the larger number of germinated seeds at the end of the experiment, when 80% of the SGV-treated seeds were germinated, but in the control only 47%.
Less spectacular, but also apparent effects were obtained on seeds of the medicinal plant Artemisia absinthium, medicinal plant and weed Taraxacum officinale and Solidago gigantea, the species invasive to the European flora. In the last case, the percentage of germinated seeds was low, even though the cold stratification was applied based on the results of the preliminary experiments indicating the necessity of such a treatment (data not shown). However, in the 4 th day of the experiment the difference between control and SGVtreated sets was noticed, and it was maintained in the following days.
Apiaceae
In the case of Anethum graveolens the inhibitory impact of SGV on seeds was noticed, and the differences ranged just on the following day a little more germinated seeds were counted in the control and no change was observed until the last day (Figure 3) , as well as no impact on further development (data not shown).
Fabaceae
No effect of SGV was noticed on Medicago sativa seeds and a negative on T. pratense, but in the case of Trifolium repens SGV greatly enhanced germination just from the first day (Figure 4) . Such a stimulatory impact vanished in the 4 th day, and there was no effect on the total number of germinated seeds.
Brassicaceae
SGV-treated seeds of both B. oleracea varieties, as well as these of Capsella bursa-pastoris germinated faster than their controls (Figure 3) . For B. oleracea var. capitata f. alba in the 2 nd day the differences between the treatments was 25%, and for the f. rubra it reached even 50%. The following days the difference gradually vanished in the case of f. alba, but they were still distinct in f. rubra.
The germination of Sinapis alba and Cardaminopsis arenosa seeds was not influenced by the treatment. The impact of SGV on Berteroa incana seeds was ambiguous, because at the beginning of the experiment (day 1) more SGV-treated seeds germinated than the control ones, but Control SGV
Cardaminopsis arenosa
Day of germination % of germinated seeds Plantago species (Figure 4) . In the case of P. lanceolata the treatment did not alter the germination course, but the total number of germinated seeds was 60%, while in the control 40% (Figure 4) . Moreover, the vigour of seedlings was improved, which was manifested by a significant increase in the root length ( Table 2) .
Interestingly, the positive response of P. major to SGV was obtained after the SGV treatment and subsequent 6-week stratification, similarly to this of S. gigantea (Figure 1) . However, the P. major reaction was strong. In the 2 nd day 15% of treated seeds were germinated, whereas in control 3% only, and the differences between the objects were maintained to the end of the experiment. The seedlings grown from SGV-treated seeds were more advanced in their growth, just like in the case of P. lanceolata (data not shown).
Polygonaceae
There was no impact of the treatment on Polygonaceae seeds ( Figure 5) . Despite the inhibitory tendency on Rumex acetosa seeds, the variance of means was too large to prove this. No other effect on seedlings was noticed (data not shown).
Lamiaceae
Germination of seeds of plants belonging to this botanical family was stimulated by SGV (Figure 4) . The seeds of both cultivars of Ocimum basilicum initiated their germination in the 2 nd day of the experiment but in a greater number when treated with SGV (Figure 4) . The large differences between the treatments were maintained in red-leafed 'Dark Opal' cv. to the end of the experiment, whereas in green-leafed 'Genovese' the differences were obtained at the beginning of the experiment and then vanished. However, SGV treatment resulted in better vigour of 'Genovese' seedlings, as the length of the radicles was 157% of control ( Table 2 ). In the case of 'Dark Opal' the difference was even larger ( Table 2) . Thymus serpyllum seeds revealed the positive response to SGV at the beginning of the experiment (days 2-3). and the pattern resembled this of Ocimum basilicum 'Genovese'.
Plantaginaceae
Despite the large variability of data for both control and SGV seeds, the treatment stimulated germination of both vulgare 'CAMB1', from the beginning to the end of the experiment (Figure 6 ). In the case of the Secale cereale 'Dankowski Amber' cv. there was no effect on germination, but the radicles were more than twice shorter than in the control ( Table 2 ). The positive effect was noticed as the stimulation of germination of Hordeum murinum seeds and the increment in the total number of germinated seeds of H. murinum and Avena sativa cv. 'Grajcar' (Figure 6 ).
Developmental and metabolic responses
SGV treatment on seeds affected subsequent growth in the cases of six studied species ( Table 2 ). The growth of Plantago lanceolata, Ocimum basilicum and Lycopersicon esculentum cv. 'Jowisz', radicles was stimulated, while the responses of 'Maliniak' cv. and Anethum graveolens, radicles were the opposite ones, as well as in the cases of Myosotis arvensis hypocotyls and the coleoptiles of Secale
Solanaceae
The experiment was performed on Lycopersicon esculentum, and the opposite response of seeds of two cultivars was noticed ( Figure 5 , Table 2 ). There was a germination stimulation of 'Jowisz' cv. seeds as well as the increased length of the radicles. In the case of 'Maliniak' cv. there was an inhibitory tendency towards seed germination, supported by a decrease in the radicle growth ( Table 2) .
Poaceae
The response of seeds of this family was greatly differentiated, because it was negative for two species, positive in two, and the other species revealed no impact ( Figure 6 , Table 2 ). The negative impact was visible as the decreased percentage of germinated seeds of Hordeum was sometimes large, in the cases of three species the SGV treatment on seedling emergence was positive, and there was an inhibitory effect in the cases of two, namely Myosotis arvensis and Anethum graveolens. Hence, the results in vitro were confirmed by these of more natural seed environment, soil.
Discussion
A new aspect of the study is a short period of slow-paced smoke fumigation and much longer (24 h) use of burnt crop debris, which can emulate the conditions occurring after a natural fire episode. The stimulatory or inhibitory impact of such treatment on seed germination and further growth and metabolism was revealed for some species. The obtained "filtering" effect of soil towards ashes and dust confirms the in vitro results indicating that smokegenerated volatile chemicals are the key factors ( Figure  11) . As a control, the unburned plant matter of the same origin was used. Such a material potentially could emit physiologically active volatiles, too, e.g. coumarins [28] . However, similar results were obtained when a piece of laboratory filter paper or empty Petri dish was used in the control instead of dried meadow sward (data not shown). Based on the results, SGV composition cannot be established. As it was mentioned in the Introduction, SGV probably comprise karrikins, TMB, nitric oxide, ethylene, nitrate and cyanohydrins of physiological activity [10] [11] [12] [13] [14] [15] [16] . SGV modified seed germination patterns of several angiosperm species of European bio-and agricenoses. Such alterations occurred distinctively within the Asteraceae and Brassicaceae families which is consistent with the results of Long et al. [29] . A clear and stimulatory impact was noticed also in the cases of Lamiaceae and cereale 'Dankowski Amber'. These developmental effects were consisted with germination patterns (stimulation or inhibition) of the individual species and cultivars ( Table  2, Figs. 3, 7, 6 , 9, and 10, respectively).
To provide substantial information about the activation of metabolism by SGV, two species were chosen due to strong and opposite responses of their seeds, namely dill (Anethum graveolens ) and red cabbage (Brassica oleracea L. var. capitata L. f. rubra ) (Figures 2 and 3 , respectively, and Table 3 ). The analyses were performed in the first day when the difference in germination course occurred, on imbibed but ungerminated seeds. It was established that SGV triggered the increment of the electrolyte leakage from red cabbage seeds to 134% of control, indicating better permeability of testa and explaining better germination, while the seeds of dill, whose germination was hampered, revealed no difference. The content of basic respiratory substrates, sugars, was increased twice in SGV-treated seeds of cabbage, while in these of dill the opposite response was recorded. In the case of water-soluble protein, which can be synthesised at early germination, there was a 12% increment in red cabbage and a similar decrease in dill seeds.
Seed germination and seedling development in the soil
The last experiment was performed on five species whose seeds revealed strong positive or negative response to SGV in the experiments performed in vitro (see Figs 2, 4 and 6, and compare with Figure 7) . Despite some differences in the number of germinated seeds in both experiments, the SGV treatment was effective in terms of stimulation or inhibition also when the seeds were covered by a soil layer (Figure 7) . Although the variance within a seed lot acid, IAA), or gibberellins [33] [34] [35] [36] . The growth responses of hypocotyls or radicles grown from SGV-treated seeds also suggest the involvement of gibberellins [35] . Keeping in mind all the information gathered, the inhibitory effect of SGV has to be explained, too. The lack of differences in the conductometric test on dill seeds (Table 3) whose revealed depressed germination when exposed to SGV (Figure 2) , may result from the lack of the chemical reactions between SGV compounds and the testa constituents, but also from karrikin-phytohormones interactions leading to dormancy stimulation. However, dill seeds (or rather fruits called achenes) are specific because of their aroma determined by the chemical composition. In the seed oil carvone and limonene monoterpenes are known as biologically active substances [37, 38] , and it is possible that they interact with SGV resulting in the delay of germination. Differential seed responses within a family are worthy to be discussed. In this paper, they were either uniform, as among Asteraceae, or sometimes opposite (for Apiaceae and Poaceae). A positive or negative reaction was less or more often as well. For example, seed germination and/ or vigour of Asteraceae, Brassicaceae and Lamiaceae was often stimulated by SGV. In the case of Apiaceae the reaction was species-dependent. Moreover, differentiated responses could be noticed even within a species (Lycopersicon esculentum), for its cultivars which suggests that some of the seeds of a cultivar might have been old or dormant, or their susceptibility to some volatiles differs [7, 15] . In turn, seeds of two Polygonaceae species, Rumex acetosa and two Fagopyrum esculentum cultivars indicated no response, although we cannot be sure two Plantago species. On the contrary, a strong negative response of germination and growth patterns was obtained for common and popular plant Myosotis arvensis (forget-me-not), which suggest to pay attention to the other representatives of Boraginaceae family.
In some cases germination was not accelerated but the total number of germinated seeds was increased, which can be defined as germinability parameter according to ISTA (ISTA 1999) . It can be surmised that within such a seed lot, some senescing seeds or dormant seeds were affected [30] . One of the reasons for dormancy is the hardening of the testa, leading to impermeability to water and oxygen. In this case, interaction of active smoke substances with the testa compounds may result in testa loosening [31] . This assumption is supported by the results of the conductometric assay and the alterations in the contents of two basic metabolites, sugars and proteins in Brassica seeds ( Table 3 ) that germinated more abundantly when treated with SGV. Hence, germination stimulation resulted from testa loosening leading to faster influx of water and oxygen into a seed, and, in consequence, faster imbibition and activation of respiration.
At the molecular level, growth process is also linked with the activation of non-enzymic proteins, expansins, which loose the hydrogen bonds between cellulose fibres allowing a cell to enlarge [32] . As their activity is regulated by the phytohormones, the involvement of these growth regulators in the physiological effects of SGV is the logical consequence. It has been known that hormone-dependent dormancy breaking relies on the ratios of abscisic acid (ABA) to auxins (e.g. indole-acetic Control SGV
Anethum graveolens
Day of germination % of germinated seeds chamomile. In the latter case, if a heavy rain after sowing causes deep burying of seeds and results in diminished plant number [48] the application of smoke compounds could be useful. However, the Lycopersicon esculentum results lead to the cautiousness due to differentiated response of different cultivars ( Figure 5, Table 2 ). On the contrary, as germination can be not only stimulated, but also hampered by smoke compounds, it is worthy to looking into the possibility of weed control [22] . However, the research with different smoke water concentration is necessary to establish the proper dilution for a particular species.
Conclusions
1. Volatile substances emitted from the burned vegetation modify the course of seed germination and / or seedling vigour of plants from different botanical families, occurring or cultivated in Europe. In the cases of the Asteraceae and Brassicaceae smoke usually induces stimulation, while in Apiaceae and Poaceae the response is varied. 2. The species whose seeds showed a strong positive or negative reaction to the applied treatment may serve as models for further research, however, large differences between cultivars are likely. 3. As the effect of the treatment on seeds in vitro was confirmed by the experiments in the soil, the indirect impact of swailing on natural habitats is possible.
whether it is representative to the whole family until other species are considered. Among Poaceae the results are very differentiated, which is confirmed by Long et al. [39] , who proved that the physiological response of Poaceae seeds to karrikinolide depends on many factors, mainly on dormancy and light.
Interestingly, a stimulating effect of SGV was distinct for positively photoblastic seeds of Matricaria chamomilla, which germinated in a larger amount in darkness and after SGV treatment than in the light (Figure 1.) . However, germination of SGV-treated seeds exposed to light were delayed. The reason can be the interaction of some active substances, like in dill seeds case, discussed earlier (Figure 2, Table 3 ), and generation of toxic amounts of reactive oxygen species can be considered, too [22] .
Moreover, the impact of SGV was retained after 6-week stratification, which was obtained in the case of Plantago major (Figure 4) , and Solidago gigantea, in spite of seed germination for the latter species was weak. It can be assumed that SGV influences the dynamic hormonal and redox balance in seeds whose dormancy is broken by low temperature or light [37, 39, 40] . Considering an invasive species, Solidago gigantea, further research on the impact of SGV on other invasive plants in Europe would be worthy to be carried out, because unlimited possibility of shopping and travelling, together with the climatic changes largely contribute to ecological invasions [41, 42] .
Physiological effect of SGV on seeds in the soil implies the potential impact of swailing to the floristic composition of European habitats which was previously suggested [43] . The species whose germination can be negatively affected is Myosotis arvensis, a plant which became an integral part of the European landscape, or Trifolium pratense. On the other hand, SGV may favour germination of Trifolium repens (Figure 4) . Both Trifolium species are valuable from the agronomic and ecological point of view, mostly due to the symbiosis with Rhizobium bacteria allowing to fix atmospheric nitrogen [44, 45] .
The practical aspect of the research includes the possibility of acceleration of seed germination when the sowing is late or germination uneven [30, 46] . In this case the smoke-saturated water would be used instead of troublesome and dangerous smoke application [7, 16] . Such treatments were already used to improve the recovery of vegetation in degraded areas, or to increase the vigour of some edible plants [16, 47] . Based on the obtained results it can be supposed that it applies to the seeds of Trifolium repens, or slowly and uneven germinating seeds of Anethum graveolens and Apium graveolens. It could be also applicable in the case of aromatic and medicinal plants like basil or German 
